We have studied the scattering process of AlGaAs/GaAs two-dimensional electron gas with the nearby embedded GaSb/GaAs type-II quantum dots ͑QDs͒ at low temperature. Quantum Hall effect and Shubnikov-de Haas oscillation were performed to measure the electron density n 2D , the transport lifetime t , and the quantum lifetime q under various biased gate voltage. By comparing measured results of QDs sample with that of reference sample without embedded QDs, mobilities ͑transport mobility t and quantum mobility q ͒ dominated by GaSb QDs scattering were extracted as functions of n 2D . It was found that the ratios of t to q were varying within the range of 1-4, implying the scattering mechanism belonging to the sort of short-range interaction. In the framework of Born approximation, a scattering model considering rectangular-shaped potential with constant barrier height was successfully applied to explain the transport experimental data. In addition, an oscillating ratio of t / q with the increasing n 2D was predicted in the model.
I. INTRODUCTION
Recently, self-assembled quantum dots ͑SAQDs͒ with their size of about 10 nm scale have drawn much attention due to both its promising applications in the novel electrooptical quantum devices 1 and being of great importance in the fundamental physical researches. 2 Owing to their strong quantum confining effect, quantized energy levels are exhibited in these SAQDs. A great deal of research work has been performed to reveal their internal electron state structures utilizing the experimental and the theoretical methods. [3] [4] [5] [6] [7] However, little work has been carried out on their scattering effects for the two-dimensional electron gas ͑2DEG͒, even though clarification of the scattering mechanism has great importance on optimizing the performance of the quantumdot ͑QD͒ based devices, such as lasers, memories, and detectors.
Since Sakaki et al. 8 first pointed out that the mobility of 2DEG was drastically affected as the plane of self-assembled InAs QDs approaching the electron channel at AlGaAs/GaAs interface, several scattering models [9] [10] [11] [12] have been proposed to elucidate the scattering mechanism of SAQDs on 2DEG. It is believed that these SAQDs would mainly induce two different kinds of scattering mechanisms depending on whether they trapping carriers or not. The first one is the long-range Coulomb potential scattering generated by the trapped electrons on each dot, such as InAs/GaAs QDs which have a type-I band alignment. Another is the shortrange intrinsic repulsive potential scattering resulted from conduction band offset at the dot-matrix boundary, such as the In 0.5 Al 0.5 As/ GaAs QDs where a type-II band alignment exists. Compared with the In 0.5 Al 0.5 As/ GaAs QDs, selfassembled GaSb/GaAs QDs, though having a similar type-II band alignment, show more attractive electrophotonic properties due to its intense photoluminescence and comparably strong carrier localization. [13] [14] [15] [16] However, there is relatively few work concentrating on the scattering effects of GaSb/ GaAs QDs.
Transport lifetime t and quantum lifetime q of 2DEG are two important characteristic parameters in electron transport process. Transport lifetime is related to the dc conductivity while the quantum lifetime, also named as the singleparticle scattering time, characterizes the quantummechanism broadening of the single-particle electron states. A complete definition of the two lifetimes is given in the Ref. 17 . By analyzing t and q , we may correlate the transport mobility t with the quantum mobility q and infer the scattering mechanism by calculating the ratio of t to q . 17 For the Si metal-oxide-semiconductor systems, where the shortrange interface roughness dominates the scattering process, the ratio t / q is found to be nearly equal to 1; while for the Al x Ga 1−x As/ GaAs heterostructures, where the dominant scattering contribution comes from the remote ionized impurities, the ratio t / q is often larger than 10. The large difference between the two lifetimes is due to the strong suppression of the back scattering for the long-range scattering potential.
In this work, we studied the transport properties of the 2DEG in a selectively doped n-Al 0.3 Ga 0.7 As/ GaAs heterojunction, with a plane of self-assembled GaSb/GaAs QDs embedded in the vicinity of electrons channel. At the liquid helium temperature of 4.2 K, quantum Hall effect ͑QHE͒ and Shubnikov-de Haas ͑SdH͒ oscillation were performed to measure the two quantities t and q . At the meantime, t and q derived from the corresponding lifetimes by Drude formula ͑Sec. III͒ were measured as a function of electron den- sity n 2D by varying the top gate voltage. The ratio t / q dominated by the GaSb dots scattering was found to vary within the range of 1-4, indicating the dominant scattering mechanism probably belonged to the sort of short-range interaction. Here, we adopted a rectangular-shaped potential with constant barrier height of GaSb dots scattering to explain the n 2D dependence of mobility. The calculated results agreed well with our experimental data.
We begin, in Sec. II, with the experimental details for both sample preparation and transport measurements. Based on a simple scattering model, a theoretical calculation of dot-dominated lifetimes is performed in Sec. III. Finally, a discussion about the short-range scattering of the GaSb/ GaAs QDs and a brief summary are given in Secs. IV and V, respectively.
II. EXPERIMENTS
Selectively-doped n-Al 0.3 Ga 0.7 As/ GaAs heterostructure having a layer of self-assembled GaSb QDs embedded in the vicinity of AlGaAs/GaAs heterointerface ͑denoted as sample S͒ was grown by molecular beam epitaxy. The growth procedure was as follows: on a semi-insulating ͑001͒ GaAs substrate, we first grew a 50-nm-thick GaAs buffer layer and a superlattice containing ten periods of a 2 nm Al 0.3 Ga 0.7 As and a 2 nm GaAs layer, followed by a 700-nm-thick GaAs at T sub = 580°C; then, we reduced the substrate temperature to 500°C and 2.5 monolayer GaSb was deposited to form the SAQDs; above the QDs, we then grew a 8-nm-thick GaAs at the same temperature and a 20-nm-thick GaAs when the substrate temperature was raised again to 580°C; next, a 20-nm-thick undoped Al 0.3 Ga 0.7 As spacer layer and a 55-nmthick Si-doped Al 0.3 Ga 0.7 As with a doping concentration of 1 ϫ 10 12 cm −2 , were grown to form the AlGaAs/GaAs heterojunction, and finally a 10-nm-thick GaAs was grown to cap the sample. Figures 1͑a͒ and 1͑b͒ schematically show the sample structure and its corresponding band diagram. For comparison, a reference sample ͑denoted as sample R͒ was also grown by repeating the above growth process exactly except having no GaSb dots inserted. In order to characterize the density and shape of the GaSb dots by atomic force microscopy ͑AFM͒, we grew self-assembled GaSb dots on top of S under the same condition for the embedded dots. By carefully examining the AFM images of GaSb dots in Fig.  1͑c͒ , the GaSb dots in our sample had a circular shape with an average radius of 35 nm, an average height of 8 nm and an areal density of about 0.78ϫ 10 10 cm −2 . In order for carrying out the electric transport measurement, the two samples ͑S and R͒ were then processed into hall-bar geometry with a size of 600 m in length and 45 m in width using the photolithography and the standard wet chemical etching. A 1-m-thick aluminum gate electrode was then evaporated on the top of the hall bars to control the electron density n 2D . Under each biased gate voltage, SdH oscillation and QHE measurements were performed at the liquid helium temperature of 4.2 K using lock-in technique. During the measurement, the injection current of 100 nA was maintained in the channel in order to avoid the thermal effect. Figure 2 gives the typical SdH oscillation and QHE measurement results of the sample S at zero gate voltage. The electron density n 2D and the transport lifetime t were respectively deduced from a low magnetic field ͑0 ϳ 0.3 T͒ Hall data slope and zero field resistivity 0 from a relation t = ͑m ‫ء‬ / 0 n 2D e 2 ͒, while the quantum lifetime q was deduced from a Dingle's plot of the magnitudes of the SdH oscillation. 18 Single frequency was observed in the whole SdH oscillation measurements, indicating that only the lowest subband was populated by electrons.
Assuming that the existence of GaSb dots was the only cause for the differences of scattering rates between samples S and R, the mobility dot dominated by the GaSb dots could then be extracted from the Matthiessen's rule,
where S , R were the mobility of QDs sample S and reference sample R, respectively. dot was the mobility limited by the dots scattering. In order to understand the transport properties of 2DEG at the AlGaAs/GaAs heterointerface with embedded GaSb dots, we need first to analyze the scattering process that originates from the GaSb dots. 
III. SHORT-RANGE POTENTIAL FOR THE SCATTERING OF GASB QDS
The scattering behaviors of the SAQDs on the channel 2DEG depend on the distance z dot counted from the GaAs/ AlGaAs heterointerface edge to the QDs plane, the density of N dot of the SAQDs, and the geometrical features of the QDs, such as their size, shape, and also the conduction band offset between the QDs and the matrix materials. [8] [9] [10] [11] [12] All of these factors should be taken into account when we quantitatively evaluate the scattering rate.
Kawazu and Sakaki 12 studied the scattering effect of the In x Al 1−x As/ GaAs type-II QDs, and interpreted the QDs' scattering by proposing a surface-roughness-like scattering model considering the correlation among the dots due to its highly dense packed dots nearly 10 11 cm −2 . However, for our sample, the density of GaSb dots is rather low, thus the correlation among the QDs may be ignored in the present model. Therefore, the scattering event could be treated as the simple combination from each isolated QD.
First, we consider the situation of single dot scattering event. Referring to the band diagram of sample S shown in Fig. 1͑b͒ , an electron is expected to be scattered by a soft constant rectangular-shaped potential with a potential height equal to the conduction band offset V 0 between the GaSb dots and GaAs matrix due to its type-II band alignment. Since V 0 is not very large ͑V 0 = 80 meV in Ref. 19͒ , the wave function of 2DEG could overlap with GaSb dots. Therefore, the scattering potential is expected to be V 0 inside the GaSb dots and 0 outside. Within the Born approximation and time-dependent perturbation theory, 20 the QDs dominated transport and quantum lifetimes are deduced as follows. We adopt the Fang-Howard 21 wave function to describe the 2DEG located at the AlGaAs/GaAs heterointerface, which can be expressed as:
where u͑z͒ is the wave function of the 2DEG in the film growth direction in GaAs matrix, A is the area of the system, N depl is the areal density of the depletion charge in the GaAs matrix, k ៝ is the wave vector of the 2DEG in x-y plane, m ‫ء‬ is the effective mass of GaAs, e, ប, 0 , and b are the elemental charge, the reduced Planck's constant, the static permittivity, and the relative permittivity of GaAs, respectively.
In order to deduce the transport and quantum lifetimes which determine the transport mobility and quantum mobility, respectively, we need initially to calculate the Hamiltonian matrix elements of the scattering potential,
where V is the scattering potential of each GaSb dot. For simplicity, a cylinder shape with an average height of H and an average radius of ⌳ ͑as is schematically depicted by the inset graph of Fig. 3͒ is assumed for the GaSb dot. Then, in the three-dimensional polar coordinate, the Hamiltonian matrix can be expressed as:
͑4͒
where q ៝ = k ៝ Ј− k ៝ is the wave-vector difference before and after each elastic scattering. Since the wave function u͑z͒ varies slowly within the QDs layer, u͑z dot ͒ could be approximated as a constant. Then the above integral can be simplified as:
where Ṽ ͑q͒ can be seen as the equivalent Fourier transformation of the QDs scattering potential, J 0 and J 1 are the zeroth and the first order of Bessel function, respectively. Considering the contribution from all of the dots, just as the former illustration of the simple model, AN dot should be multiplied to Eq. ͑5͒ to give the total scattering Hamiltonian matrix. In the electric quantum limit, 22 the inverse transport lifetime t −1 and quantum lifetime q −1 can be finally given as:
Experimental transport mobility t measured at 4.2 K in samples S and R as functions of the electron density n 2D . Solid stars and line represent the experimental and calculated transport mobility dominated by the dots scattering, respectively. The inset shows the geometrical shape of GaSb dots used in the calculation. Dotted line guides to the eye.
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where k F is the Fermi wave vector and ͑q͒ is the dielectric function of electron gas considering the screening effect. The corresponding mobility can then be obtained by using the Drude formula of = e m ‫ء‬ . ͑8͒
IV. RESULTS AND DISCUSSION
The measured transport mobilities of samples S and R ͑denoted as S and R , respectively͒ are plotted as a function of electron density n 2D in Fig. 3 . As the increase in n 2D , both the S and R increase monotonously. The dot-dominated transport mobility dot can be extracted for each n 2D by using Eq. ͑1͒, and the corresponding values are shown by the solid stars in Fig. 3 . Making use of Eqs. ͑7a͒ and ͑8͒, we theoretically calculate the n 2D dependence of the transport mobility t-Theo dominated by the dots scattering, as shown by the solid line in Fig. 3 . As seen, the calculated transport mobility t-Theo shows almost the identical n 2D dependence when compared with the experimental data. Within the model illustrated in Sec. III, we also evaluate the t and q in a much large range of n 2D . It is found that the t and q experience quite different trends with increasing n 2D . When n 2D increases from 1 ϫ 10 11 to 6 ϫ 10 11 cm −2 , q increases monotonously while the t exhibits a terrace feature, as shown in Fig. 4 . Consequently, the lifetime ratio of t / q presents an oscillating feature as a function of the electron density n 2D , as indicated by the dotted line in Fig. 4 . Such a characteristic dependence mainly results from the dependence of scattering matrix of H k ៝ Ј ,k ៝ . With the increase in n 2D , the squared scattering matrix ͉H k ៝ Ј ,k ៝ ͉ 2 undergoes an oscillation owing to character of the first order Bessel function J 1 ͑q⌳͒, as given by Eq. ͑6͒. The experimental lifetime ratios of t / q dominated by the QDs scattering are also shown in Fig. 4 by the solid triangles. As seen, within the experimental range of n 2D , reasonable agreement is achieved between the experimental results and theoretical calculation, which confirms the validity of short-range scattering model even under a simplified geometrical shape in our QDs samples.
During simulation, we set V 0 as 80 meV which has been experimentally determined by Rubin in Ref. 19 and fixed the density of GaSb QDs N dot at a value revealed by the AFM observation. The height and radius ͑H and ⌳͒ of GaSb QDs were adjusted around their average values to fit the experimental data. Although the microscopic shape and size of GaSb QDs are not complete uniform, the distribution of these SAQDs is usually within 10%, thus an average approximation is quite feasible for the ensemble scattering of QDs. The values of the parameters used in the simulation are listed in Table I .
From our simulation, we also find that the dependence of t on n 2D is closely related to the radius ⌳ of GaSb dots. With different values of ⌳, the number and the position of mobility terrace are different, as shown in Fig. 5 . Therefore, to some extent, we may roughly estimate the size of dots just from the relationship of t with n 2D .
V. SUMMARY
In conclusion, we have investigated the scattering effect of embedded GaSb/GaAs type-II QDs nearby the heteroint erface of selectively-doped n-Al 0.3 Ga 0.7 As/ GaAs 2DEG. At 4.2 K, the electron density n 2D dependence of transport mobility t and lifetime ratio of t / q was systematically investigated, respectively. As the increase in n 2D , the ratios of t / q were limited within the range of 1-4, which indicated the scattering mechanism of GaSb dots should belong to the short-range scattering. Within Born approximation, we have solved the scattering matrix based on the short-range interaction between the dots and 2DEG. The calculated results of n 2D dependence of t and t / q showed reasonable consistence with the experimental transport data, indicating the validity of the scattering mechanism originated mainly from the short-range potential. In addition, an evident oscillation of t / q and a dot-radius related t on n 2D , which might be used as a size identification of the QDs' system, were found. 
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